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Abstract
The concept of mobile system as we know it today is
about to change. It is expected that by 2020 the net-
works become cooperative and users collaborate in the
transmission of information to other devices. This new
paradigm of mobile relaying implies a set of new challen-
ges that the scientific community is currently addressing.
This paper introduces this new paradigm for mobile com-
munications as well as the main problems, possible solu-
tions, the current state of technology and most appealing
research trends. 
Keywords: Mobile Relay, Next Generation Mobile Systems,
5G.
1. Introduction
Today, users are increasingly demanding higher data rate
applications anywhere and anytime. In this new scenario,
data rates offered by mobile operators must be similar or
even higher than traditional Internet Service Providers
(ISPs). With the purpose of addressing this market, the
3rd Generation Partnership Project (3GPP) started the
standardization of the evolution of Universal Mobile Te-
lecommunications System (UMTS), called Long Term Evo-
lution (LTE). 
LTE is the first step towards a new cellular system known
as LTE-Advanced (LTE-A), which is expected to offer peak
data rates of 1Gbps in Downlink (DL) and 500 Mbps in
Uplink (UL) for low mobility users [1]. Novel techniques
such as aggregation of multiple carriers, advanced Mul-
tiple Input Multiple Output (MIMO) with up to 8 data
streams in DL and up to 4 data streams in UL, Coordina-
ted Multi-point Transmission/Reception (CoMP) or rela-
ying, suppose a disruptive evolution of the current cellular
networks [2]. It is worth noting that, despite both LTE-A
and Worldwide Interoperability for Microwave Access
(WIMAX) 802.16m have been accepted by the Interna-
tional Telecommunications Union (ITU) as Fourth Gene-
ration (4G) mobile technologies, LTE-A system is
considered to be the most predominant system around
the world.
All these modifications are not only due to the need of
higher data rates but also due to the lack of equity in
data rates among User Equipments (UEs). Cell-edge users
suffer performance degradation as the distance to the
Base Station (BS) increases due mainly to propagation
loss. Cellular operators tend to increase cell-edge
throughput by increasing the number of deployed BSs at
the expense of higher capital and operational expendi-
tures. At the present time, and because of this dense de-
ployment of BSs, there are severe problems related with
inter-cell interference. To overcome this situation, a he-
terogeneous network comprising an additional set of
pico, femto and relay nodes is under consideration within
the 3GPP. These low power nodes are smart devices that
help the BS to increase fairness, reduce power consump-
tion and boost data rates.
This paper focuses on relaying as a means to ensure ubi-
quity in Quality of Experience (QoE). In Figure 1, a coo-
perative network composed of a set of Relay Nodes (RNs)
is showed. To date, the international scientific community
has focused on the fixed relays and recently the 3GPP has
specified the functioning of this type of relay in Release
10 and 11 [3]. On the other hand, mobile relaying is cu-
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rrently arising as the natural evolution of fixed relaying
due to its higher flexibility and availability. Traditionally,
mobile relaying concept has coined the use of high-speed
vehicles, like trains, acting as BSs. However, this concept
can be easily extended to the case where the UE becomes
a Mobile Relay (MR).
If the relay is moving then new problems appear like
Doppler effects and the need for radio resource mana-
gement, selection of RNs and incentives for cooperation,
among others. Another of the associated problems with
the use of MR is that the UE spends its battery helping
other UEs. Of course, the UE acting as MR could help in
some specific scenarios and with certain incentives. This
topic is of paramount importance and it is considered as
one of the limiting factors in the cooperation of the UEs.
UEs acting as MRs will help networks providers improve
coverage and link performance. In return, they must be
rewarded with lower service costs or better QoE.
This paper focuses on this new paradigm of mobile rela-
ying and surveys its current state of the art. Section 2 pre-
sents the current status of standardization activities.
Section 3 discusses the key issues on mobile relaying. The
problems and solutions related to mobile relaying are
described in Section 4. Finally, Section 5 discusses about
future trends and the horizon of mobile relaying.
2. Current Status of Mobile 
Broadband Technologies
The 3GPP ended in December 2007 the standardization
of the physical layer of LTE Release 8. This OFDM tech-
nology supports variable bandwidth so that users can be
served in different frequency bands and make use of fre-
quency diversity. Moreover, MIMO techniques are inclu-
ded to enhance user data rates [4]. In Release 9, a
number of minor improvements were included mostly re-
lated to Home eNodes B (HeNBs). These femto-cells serve
home or small office environments. In addition, some
progress in Self-Organizing Networks (SONs) was made
with the aim of easily planning and configuring the mo-
bile network. 
The standardization progressed in Release 10 with the
study and development of the LTE-Advanced technology.
This activity started after the circular letter sent by the ITU-
R, for which all technologies that meet certain require-
ments would be considered as technologies of the
International Mobile Telecommunications-Advanced (IMT-
Advanced) family or 4G technologies. Moreover, some ad-
ditional spectrum was identified by the ITU-R for these
IMT-Advanced technologies, what motivated the 3GPP to
meet the IMT-Advanced requirements through a further
evolution of LTE Release 8 and 9.
In order to achieve these requirements, the 3GPP focused
on five major improvements, which constitutes the basics
of LTE-Advanced Release 10 [5, 6]:
• Support of wider bandwidth, up to 100 MHz.
• Advanced MIMO techniques.
• Heterogeneous networks and enhance Inter-Cell In-
terference Coordination (eICIC).
• Fixed Relay.
• Coordinated Multi-Point transmission and reception
(CoMP).
LTE-A is backward compatible with LTE Release 8 and 9.
An LTE-A UE has reception and/or transmission capabili-
ties in one or multiple frequency bands. On the other
hand, an LTE UE can transmit or receive on only a single
frequency band. A more detailed description of LTE and
LTE-A can be found in several books such as [7, 8] or in
various manuals [9]. 
Concerning relaying, it is worth noting that to date the
3GPP has mainly focused on fixed relays, which appeared
first in Release 10 specifications. Only in the still-incom-
plete Release 11 one study group has initiated the analy-
sis of a specific case of mobile relay in which a BS is
located on high speed vehicles like trains or buses. The
main challenges of this type of scenarios are the hando-
ver management and high Doppler frequency. 
Figure 2 shows the general architecture of LTE-A with a
fixed relay. The relay is wirelessly connected to a Donor
eNB (DeNB) through the Un Interface (backhaul link). On
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Figure 1. Cooperative network with fixed and mobile relays.
the other hand, UEs are connected to the relay through
the Uu interface (access link).
If the access link shares the same carrier frequency as the
backhaul link this is an in-band relay, being otherwise an
out-band relay. In-band relaying entails higher radio re-
source management problems for the system as compa-
red with out-band relaying. Moreover, two types of relays
have been considered in Release 10 taking transparency
into consideration:
• Non-transparent. This relay controls the cell in the
same way as an eNB, that is to say, transmits its own
synchronization channels, reference symbols, sche-
duling information, Hybrid Automatic ReQuest
(HARQ) feedback and has its own Physical Cell ID.
There are three types of non-transparent relays. 
o Type 1. The relay is regarded as an in-band relay
and there is a time division multiplexing between
backhaul and access link.
o Type 1a. Different frequency carriers are used for
backhaul and access link, i.e. out-band relaying.
o Type 1b. The backhaul and access link can ope-
rate simultaneously and in the same band thanks
to adequate antenna isolation.
• Transparent. In this case the UE does not even rea-
lize that there is a relay, that is, the radio protocols
terminate in the DeNB and not in the RN.
In order to allow in-band relaying without interferences,
some mechanism must be used to share resources bet-
ween the access link and the backhaul link in DL. As in
Type 1b, an easy mechanism is to isolate the transmitter
and the receiver so that the signals do not interference
themselves. However, this is always not available. The
3GPP proposed that the RN can only receive data from
the DeNB in the so-called Multicast/Broadcast over a
Single Frequency Network (MBSFN) subframes being
not able to transmit at the same time to the UEs in DL.
The RN informs the UEs via Radio Resource Control
(RRC) signalling when they should not expect any trans-
mission from it. However, note that each UE expects to
receive at least the Physical Data Control CHannel
(PDCCH) in every subframe. Therefore, the RN has to
transmit this information to the UE even in MBSFN sub-
frames, and thus, does not listen to the PDCCH sent by
the eNodeB. Therefore, a new control channel called R-
PDCCH is needed in the backhaul link. This additional
signalling overhead reduces the amount of resources
available for data information. The R-PDCCH is sent in
the fourth OFDM symbol of the first slot for DL assign-
ments and in the last OFDM symbol in the second slot
for UL grants.
Concerning the UL, the isolation of the access and bac-
khaul link is straightforward since the RN sends the UL
grant scheduling to the UEs and, therefore, has full con-
trol over the transmission and reception of the UEs. On
the other hand, the transmission resources of the Physical
Uplink Control CHannel (PUCCH) sent by the RN are pre-
viously determined by higher layer signaling.
2.1. Technological roadmap
The standardization activity of the 3GPP concerning mo-
bile relaying started by the end of December 2011 [10].
As depicted in Figure 3, the scenario under study consists
of a relay node situated on a high speed train with the
following features:
• Train velocity: 350 km/h.
• Known trajectory.
• High penetration losses of the radio signal through
the shield carriages.
• UE on the trains are stationary or move at pedes-
trian speed.
Some open issues arise when addressing this scenario
due to the high speed of the vehicle. First, this speed cau-
ses a severe Doppler effect and high penetration losses.
Second, Handover (HO) failure rate may significantly in-
crease hence degrading the received signal and increa-
sing the battery power consumption of UEs. For instance,
in a rural scenario in where the cell radius is around 577
m, the train speed provokes a HO event each 6 seconds.
Therefore, it is the paramount importance the manage-
ment of this type of fast HOs. 
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Figure 2. General architecture of an LTE-Advanced system with relays.
In order to solve these problems and improve the cove-
rage within the train, one or several MRs can be mounted
on the high speed train. These devices provide a wireless
back-haul connection via a DeNB along the railway by an
outer antenna and also wireless connectivity to the UE
inside coaches by inner antennas. In addition, MR can
have group mobility capabilities, so that the MR performs
a group mobility HO procedure instead of individual HOs.
Moreover, thanks to relaying, the transmit power is sig-
nificantly reduced leading to important power savings.
3. Key Issues on Mobile Relaying
Cooperative relaying takes advantage of the broadcast
nature of the medium by allowing nearby nodes that
overhear the transmitted signal to make additional trans-
missions. It provides additional diversity against link ou-
tages such as fast fading or shadowing effects. To
illustrate the basics of cooperative communications based
on relays, Figure 4 shows the simplest topology with one
source node, one relay node and one destination node.
The transmission process comprises two phases. In phase
1, the source broadcasts a message to the destination
and relay nodes. In Phase 2, the relay sends information
to the destination (in different time slots or different or-
thogonal channels) and the destination combines the
messages from the source and relay.
There are some open issues concerning mobile relaying.
First, the source node has to define a criterion to choose
the most appropriate relay node. This process is called
relay selection. Second, it is also necessary to define how
the relay node is going to forward the information, cho-
osing the type of relay best-suited for the specific situa-
tion. Third, mobile relaying implies a waste of resource
in the RN that must be recognized and compensated by
the system. These incentives for cooperation must be also
optimized.
3.1. Relay selection
There are several protocols proposed in the literature to
choose the best RN. This selection is made by the net-
work, although the current research trend points towards
implementing these protocols autonomously. Some algo-
rithms only consider the geographical position of RNs
[11]. Others base their decision on the mean end-to-end
Signal-to-Noise Ratio (SNR) [12]. Some strategies do not
always use RNs and the source decides whether to employ
the RN or not depending on the instantaneous values of
the source-destination and source-relay channel gains.
There are a plethora of Relay Selection (RS) algorithms
that suppose a full knowledge of the Channel State In-
formation (CSI). In [13], a cooperative protocol based on
partial CSI at the source and the relays is proposed. The
main objective of this scheme is to achieve higher band-
width efficiency whereas guaranteeing the same diversity
order as that of the conventional cooperative scheme. The
argument of this protocol is that there is no need for re-
laying if the direct link channel is good enough.
In power-limited networks, the use of algorithms that
tend to choose relays located as close as possible to the
destination reduces the number of hops but usually re-
quires that the transmitter node uses a large amount of
power to reach the relay node, increasing the level of in-
terference. In such case, it is necessary to find a trade-off
between the necessity to limit the number of hops and
the amount of interference generated. In this sense, [14]
estimates this amount of interference based on the RS
algorithm. 
In general, interference signals transmitted from other
cells degrade system performance and of course affect
RN too. In [15], a RS scheme that takes into account in-
terferences is proposed to tackle this problem.
3.2. Types of relays
Throughout the literature three relay protocols can be dis-
tinguished:
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Figure 3. Scenario under study based on a high public transportation.
Figure 4. Basic relay scheme.
• Amplify and forward (AF). These RNs, also
known as Layer 1 (L1) relays, amplify not only the
interest signal but also the noise and the interfe-
rence from other cells and forward it to the desti-
nation. This simple processing benefits cooperative
wireless networks at high SNR. However, at low
SNR performance is degraded because the noise
component is also amplified. Therefore this scheme
is not recommendable in high-interference environ-
ments.
• Decode and forward (DF). In this case, RNs first
decode the received signal, and if it is correctly de-
coded then the re-encoded signal is forwarded to
the destination node. Encoding/Decoding process
prevents the retransmission and possible amplifica-
tion of noise, but at the expense of introducing
some latency and at the cost of extra processing.
When the source-relay link is good enough, DF pro-
vides better performance than AF protocol. Howe-
ver when the link suffers from deep fading, the
decoding could produce extra errors that propagate
to the destination, resulting in a worse perfor-
mance. Moreover, DF entails a large amount of
computational burden at the RNs. Depending on
which functions are included in the relay, RNs can
be classified into Layer 2 (L2) relay and Layer 3 (L3)
relays. L3 RNs can be considered as small BSs with
less coverage that receive and forward IP packets.
• Compress and forward (CF). Also known as esti-
mate-and-forward or quantize-and-forward; in this
technique the RN compresses the signal received
from the source and forwards it to the destination
without any decoding. CF may mitigate some of the
noise amplification effects by a proper choice of the
quantizer or compressor. It has been shown that the
performance of CF in terms of data rate is better
than DF when the relay is close to the destination.
3.3. Incentives for cooperation
The majority of papers addressing relaying suppose that
all nodes are willing to cooperate selflessly. However,
nodes are often autonomous and aim to optimize their
utility function, such as their data rates or transmitted
power, hence minimizing their cooperation. Indeed, co-
llaboration consumes resources like energy and compu-
ting power and does not provide immediate benefits.
Therefore, nodes are not interested in cooperation wi-
thout an incentive. Over the last decade, several tech-
niques have been proposed to encourage cooperation
and improve the efficiency of wireless networks using
relaying.
One approach is to encourage cooperation through the
dissemination of reputation information about each
node. A node helps another node depending on its re-
putation. However, this approach is not always beneficial
due to several reasons. First, there is room for possible
misinterpretations of the nodes’ behaviour. Second, node
complexity will increase due to the others behavior mo-
nitoring. Finally, reputation messages must be propaga-
ted, what increases signalling overhead [16].
Another approach is to use a virtual currency that allows
nodes to be remunerated for relaying. Nodes accumulate
credit through cooperative behaviour and use this credit
to purchase cooperation from other nodes [17]. Moreo-
ver, incentive mechanisms can discourage launching ex-
haustive requests because the nodes pay for relaying
their packets. On the other hand, it can also be useful to
operators that could give incentives to its users if they act
as relays rather than investing on infrastructure.
4. Problems and Solutions
Diversity techniques are a good alternative to alleviate
the effect of fading and the inexact knowledge of the
channel state. Nevertheless, the integration of multiple
antennas at the receiver to achieve spatial diversity is not
an easy task because of the reduced size of mobile ter-
minals. Moreover, provided a MIMO channel, spatial mul-
tiplexing provides an additional spatial dimension that
poses a degree-of-freedom gain. These degrees of free-
dom lead to an increase in the capacity and depend on
the characteristics of the MIMO channel. Finally, the scar-
city of radio resources requires innovative mechanisms
for its management, such as the use of network coding
that allows encoding two different signals into a single
stream. This section addresses all these problems and the
adopted solutions.
4.1. MIMO integration in mobile devices: Virtual An-
tenna Array
The concept of Virtual Antenna Array (VAA) is illustrated
in Figure 5. A BS with several antennas transmits encoded
data streams as if it was a normal MIMO system towards
a set of UEs, which form a VAA group. Each UE receives
the complete data stream, extracts its own information
and relays the information to the other UEs. Therefore,
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Figure 5. Basic relay scheme.
At the present time, and because of this dense deploy-
ment of BSs, there are severe problems related with
inter-cell interference.
each UE receives information not only from the BS but
also from the other UEs, increasing the diversity gain.
Moreover, the correlation of the streams in the VAA is ex-
pected to be much lower than a conventional MIMO
since UEs are sufficiently separated .
Dohler et al. were the first to analyze the capacity of a
VAA [18]. The main conclusion is that the number of an-
tenna elements available within a VAA should be greater
than the number of antennas at the BS. However, the
performance of a VAA is not as good as a conventional
MIMO system due to the additional noise and latency in-
troduced in the L1 relaying.
4.2. Facing the incomplete channel knowledge:
transmit/receive diversity
Diversity consists in transmitting the same information
over multiple channels that fade independently. Diversity
techniques can be classified into time, frequency and
space diversity:
• Time diversity. The same signal is transmitted se-
veral times in different time slots. Data will be af-
fected differently at each slot and hence the
probability of receiving the information free of
errors increases.
• Frequency diversity. This technique is based on
the fact that channel is frequency selective due to
multi-path effect. Orthogonal Frequency Division
Multiplexing (OFDM) systems exploit frequency di-
versity distributing the codeword among different
subcarriers. Hence, it is possible to retrieve the in-
formation from subcarriers that have been erased
by frequency selective fading.
• Space Diversity. This is achieved by means of mul-
tiple antennas at the transmit and/or receive side.
The signals from different antenna paths are com-
bined in the receive side to average the fading bet-
ween antennas.
Of course, there are techniques that benefit simultane-
ously from more than one dimension of diversity. Space-
time coding, proposed by Alamouti [19], is one of the
most famous techniques. In this case, two consecutive
symbols are combined and transmitted in two adjacent
subcarriers using two transmit antennas. 
An extension of the concept of space-time codes can be
applied in mobile relaying to tackle the problem of how
information is transmitted from the relays over time.
These techniques are called Distributed Space-Time Block
Codes (DSTBC). Unlike conventional space-time codes,
DSTBC are subject to some challenging synchronization
issues. First, the transmitters can be widely separated and
can have different time references. Moreover, the delay
of each RN-to-destination link can be different. This can
cause a destructive combination of signals. There are
some solutions that face the issue of synchronization bet-
ween nodes participating in the cooperative communi-
cation, such as delay-tolerant distributed space-time
codes [20] or space-time spreading [21].
George et al. studied the performance of Cooperative
Distributed Space Time Block Codes (CDSTBC) [22]. The
source transmits to the RN the first half of the Alamouti
encoded sequence. The RN receives this signal and stores
it in a buffer. In the second time slot, the source transmits
to the destination the other half of the Alamouti encoded
sequence while the relay sends its stored copy of the first
transmission. From the point of view of the destination,
a standard Alamouti encoded packet is received. Results
show that this scheme outperforms direct link transmis-
sion schemes.
4.3. Demanding more throughput: MU-MIMO
Most of MIMO techniques have been traditionally used
for point-to-point communications. These techniques can
be extended to a multi-user scenario with some conside-
rations. In UL, the BS has to use array processing and
multi-user detection to separate the signals transmitted
by different UEs. In DL, the receive antennas are distribu-
ted in the cell and UEs do not know the transmission
scheme of other UEs. Therefore, the signals transmitted
to a UE are interferences to the others. This interference
can be removed or minimized through a proper proces-
sing at the transmitter called precoding. This precoding is
selected with the help of Channel State Information (CSI). 
Consider that the BS has M transmit antennas and K users
have one antenna each. Let x(k) be the symbols transmit-
ted to the k-th user. The selected precoding matrix for the
k-th UE is W(k). It implies that the transmit symbol is a
combination of the symbols belonging to other UEs. The
received signal assuming flat fading channels is:
H(k) stands for the DL channel of the k-th user and n(k)
represents the Additive White Gaussian Noise (AWGN).
The received symbol is composed of the desired symbol,
the interference plus noise. The objective is to select a pre-
coding matrix that minimizes the terms of interferences.
The selection of the most adequate technique depends
upon the level of knowledge of the CSI. When the chan-
nel to all UEs is known at the transmitter side, Dirty Paper
Coding (DPC) allows obtaining the same capacity as that
of a channel without interference [23]. Another option
is to use Block Diagonalization [24]. This method spatially
decomposes the MIMO channel into mutually orthogonal
sub-channels. The zero interference condition is achieved
if the number of transmit antennas is greater than the
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i=1,i=k
k
r (k)=H(k)W (k)x(k)+H(k) W ( i )x( i )+n(k)
Nodes are not interested in cooperation without an in-
centive.
sum of all the receive antennas considering all UEs. As al-
ternative method, the selection of the precoding matrix
can be based on the Signal-to-Leakage-Noise-Ratio
(SLNR) [25, 26].
Regarding the feedback schemes, there exist several me-
thods that can be used. Each UE can inform to the BS of
the singular vectors corresponding to nonzero singular
values. Then the BS would apply the above-described
methods. Moreover, a UE could send the preferred pre-
coding matrix through the Precoding Matrix Indicator
(PMI). Another alternative is to transmit the spatial cova-
riance matrix to each UE that can be used for SLNR me-
thods. In UL, the precoding matrix is selected by the BS
in an easier manner, since the BS can directly estimate
the channel through the UL reference signals. In the same
way, in a Time Division Duplexing system (TDD) with low
to moderate speeds the reception is easier since duality
between UL and DL can be assumed.
MU-MIMO is being recently applied in cooperative net-
works. In [27] Weng and Murch proposed a method that
uses MU-MIMO to subtracts the interference in a two-
way communication system. 
4.4. Saving wireless resources: network coding
The first work on Network Coding (NC) was developed
in [28] for a network known as butterfly network. Al-
though the work in [28] is based on lossless wired com-
munication, the concept of NC can be easily transferable
to a wireless scenario thanks to the broadcast nature of
wireless channels.
Figure 6 shows the general concept de NC. Consider a
source S that wants to multicast the streams X and Y to
two different destinations (D1 and D2) through three in-
termediate nodes (R1, R2 and R3). In a traditional net-
work, the R3 node is the bottleneck because it needs two
frequency channels or time slots to deliver the informa-
tion. For this reason, on the left side of Figure 6 it is sho-
wed that R3 can only transmit X in a frequency channel
(or time slot). However, if NC is applied, the R3 node per-
forms a combination of X and Y. As it is showed on the
right part of Figure 6, the signal X+Y is transmitted by R3
in the same frequency channel (or slot).This operation is
often carried out using an algebraic structure called Ga-
lois Field (GF). The set of GF(2) is {0,1} and its elements
obey the eXclusive OR (XOR). In this way, R3 node trans-
mits the XOR of X and Y in a channel or in a slot, and
the destination nodes can obtain X and Y.
There are several studies addressing NC applied to coope-
rative networks. NC allows achieving spatial diversity in a
distributed manner. The scenario considered is composed
of N UEs (sources), one destination and M candidate RNs,
although only one is selected to forward the signal from
the source. Two phases are defined: a Direct Transmission
Phase (DTP) and a Dynamic-Network-Coding-and-Forwar-
ding Phase (DNCFP). In conventional cooperative algo-
rithms, N time slots are required to send data from the
source to the destination. Time Division Multiplexing Ac-
cess (TDMA) strategy is used in DTP to distinguish data
flows from different sources. Note that, instead of sending
data towards the destination directly, the RN overhears the
signal sent from the source. For this reason, N time slots
are also required to send the N signals from the RN to the
destination in the second phase. However, according to
[29], the number of required time slots in the second
phase is reduced to 1 thanks to NC operation.  In this case,
the RN transmits in the second phase a combination of
the N transmitted signals of the first phase. In the paper,
the diversity-multiplexing trade-off is analyzed. The obtai-
ned diversity with this method is the same as conventional
cooperative algorithms since in both cases the destination
obtains the desired signal from two paths, one from the
source and the other from the relay. However, the multi-
plexing gain can be improved by increasing N.
In [30], a MIMO system comprising N transmit antennas
and N receive antennas, both in the RN and in the desti-
nation, is incorporated into the study. In the DNCFP
phase, the RN randomly selects one antenna to send the
composite data flows from the different sources. The co-
operative protocol utilized is Decode and Forward (DF).
With the objective to compare this system with conven-
tional schemes, Orthogonal Space-Time Coded (OSTC)
DF and TDMA DF are introduced. The theoretical analysis
reveals that all schemes present the same order of diver-
sity, 2N. However, the resource consumption is reduced
when TDMA is used. 
As discussed, if NC is used a total of N+1 time slots are re-
quired to carry the information from the source to the des-
tination. In order to reduce the transmission time, a new
technique called Physical-Layer Network Coding (PLNC)
has been recently proposed in the literature [31]. In con-
ventional networks, interference is seen as a harmful effect
in any mobile communication system. However, the impli-
cit concept of PLNC is to add signals from different sources
at the Electro-Magnetic (EM) level instead of at bit level so
that signals can be simultaneously transmitted. The sum-
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Research trends are now addressing a new paradigm of
wireless network in which UEs become mobile relays.
Figure 6. NC applied to the butterfly network.
mation of EM signals can be mapped to GF additions of
digital bit stream. However, several troubles are found
when addressing this type of techniques. Synchronization
both at symbol and carrier level is required to avoid per-
formance penalties. However, some recent papers as [32]
propose that certain asynchrony at symbol level can be ad-
vantageous since it makes the system be more robust
against phase offsets of the carrier.
5. Discussion and Future Trends
This paper has presented an overview on mobile relaying
technologies that are being addressed by the internatio-
nal research community for next generation wireless
systems. Concerning technological status, 3GPP has re-
cently standardized fixed relaying in Release 10 and there
are only some preliminary studies on MR over trains con-
ducted within the Release 11 ongoing activities.
Research trends are now addressing a new paradigm of
wireless network in which UEs become MRs and assume
an active role in the network to guarantee the ubiquity
of high quality services. However this is a challenging sce-
nario with a number of open questions that need to be
solved. Some of the current answers were discussed in
Section 3. Network coding has timidly been discussed in
the 3GPP [33, 34]. It can be interesting in certain scena-
rios such as DL/UL unicast with relays or multicast retrans-
mission. On the other hand, a key topic is why users are
willing to cooperate. Providers must figure out how to
encourage users to cooperate. A possible trend is that
users cooperate within a Close Subscriber Group (CSG),
for instance, your family or your colleagues. MR can also
improve spectrum efficiency by exploiting more advanced
antenna arrays and signal processing algorithms. Both
MU-MIMO and space/time/frequency codes have been
proposed in Release 10. An extension of these techniques
is under discussion and will be included in following re-
leases. Following the general philosophy of the 3GPP to
reduce the complexity of the system, techniques as VAA
can be an excellent solution to avoid implementing high
order MIMO in mobile devices.
Among others, important research areas for the future
of mobile relaying are:
• The design of flexible and dynamic protocols and
forwarding strategies that allow for the integration
of cooperation in conventional relaying.
• The design of algorithms robust against imperfec-
tion on CSI at the transmitters and relays.
• The trade-off between macro-diversity gains and
the addition signaling overhead required by coope-
rative relaying.
• Proper selection of relay, relay channel and relay
power.
• The definition of incentives that does not require for
additional signaling in the network.
Acknowledgements
This work was supported by the Spanish Ministry of
Science under the project TEC2011-27723-C02-02.
References
[1] 3rd Generation Partnership Project (3GPP). ”3GPP TR
36.913: Requirements for further advancements for
Evolved Universal Terrestrial Radio Access (E-UTRA)
(LTE-Advanced) (Release 10)”, V10.0.0, March 2011.
[2] 3rd Generation Partnership Project (3GPP). “3GPP TR
36.912: Further Advancements for E-UTRA (LTE-Ad-
vanced) (Release 10)”, V10.0.0, March 2011.
[3] 3rd Generation Partnership Project (3GPP). “TR
36806: Relay architectures for E-UTRA (LTE- Advan-
ced) (Release 9)”, v9.0.0, 2010.
[4] 3rd Generation Partnership Project (3GPP). “Overview
of 3GPP Release 8”, V0.2.5, January 2012.
[5] 3rd Generation Partnership Project (3GPP). “Overview
of 3GPP Release 10”, V0.1.3, January 2012.
[6] 3rd Generation Partnership Project (3GPP). “Overview
of 3GPP Release 11”, V0.0.9, January 2012.
[7] S. Sesia, I. Toufik and M. Baker, The UMTS Long Term
Evolution from Theory to Practice. John Wiley & Sons,
2nd edition, 2011.
[8] E. Dahlman, S. Parkvall and J. Sköld, 4G LTE/LTE-Ad-
vanced for mobile broadband. Elsevier, 2011.
[9] A. Ghosh, R. Ratasuk, B. Mondal, N. Mangalvedhe
and T. Thomas, "LTE-advanced: next-generation wi-
reless broadband technology [Invited Paper]", IEEE
Wireless Communications, vol.17, no.3, pp.10-22,
June 2010.
[10] 3rd Generation Partnership Project (3GPP). “TS
36.416: Mobile Relay for EUTRA (Release 11)”,
2011.
[11] C. Lemmon, S. M. Lui and I. Lee, "Geographic For-
warding and Routing for Ad-hoc Wireless Network:
A Survey", INC, IMS and IDC, 2009. NCM '09. Fifth
International Joint Conference on, vol., no., pp.188-
195, 25-27 Aug. 2009.
[12] A.H. Bastami and A. Olfat, "Optimal SNR-based se-
lection relaying scheme in multi-relay cooperative
networks with distributed space-time coding",
Communications, IET, vol.4, no.6, pp.619-630, April
16 2010.
[13] A.S. Ibrahim, A.K. Sadek, W. Su and K.J.R. Liu, "Co-
operative communications with relay-selection:
when to cooperate and whom to cooperate with?",
Wireless Communications, IEEE Transactions on,
vol.7, no.7, pp.2814-2827, July 2008.
[14] A. Zanella, B.M. Masini, "The Impact of Relay Selec-
tion Strategies on the Amount of Interference in Ad
Hoc Wireless Networks", Vehicular Technology Con-
ference (VTC Spring), 2011 IEEE 73rd, vol., no.,
pp.1-6, 15-18 May 2011.
[15] S. Kim and J. Heo, "An efficient relay selection stra-
tegy for interference limited relaying networks",
Personal Indoor and Mobile Radio Communications
96 ISSN 1889-8297/Waves - 2012 - year 4
(PIMRC), 2010 IEEE 21st International Symposium
on, vol., no., pp.476-481, 26-30 Sept. 2010.
[16] S. Marti, T. J. Giuli, K. Lai, and M. Baker. “Mitigating
routing misbehavior in mobile ad hoc networks”. In
Proceedings of the 6th annual international confe-
rence on Mobile computing and networking (Mobi-
Com '00). 2000, ACM, New York, NY, USA, 255-265
[17] K. Seada, "Guided Incentive Mechanisms for Relays
to Extend the Wireless Coverage", Communications
Workshops, 2009. ICC Workshops 2009. IEEE Inter-
national Conference on, vol., no., pp.1-5, 14-18
June 2009.
[18] M. Dohler, J. Dominguez, H. Aghvami, "Link capa-
city analysis for virtual antenna arrays", Vehicular
Technology Conference, 2002. Proceedings. VTC
2002-Fall. 2002 IEEE 56th , vol.1, no., pp. 440- 443
vol.1, 2002.
[19] S.M. Alamouti, "A simple transmit diversity techni-
que for wireless communications”, Selected Areas
in Communications, IEEE Journal on, vol.16, no.8,
pp.1451-1458, Oct 1998.
[20] A.R. Hammons and M.O. Damen, "On Delay-Tole-
rant Distributed Space-Time Codes", Military Com-
munications Conference, 2007. MILCOM 2007.
IEEE, vol., no., pp.1-6, 29-31 Oct. 2007.
[21] S. Sugiura; S. Chen and L. Hanzo, "Cooperative Dif-
ferential Space–Time Spreading for the Asynchro-
nous Relay Aided CDMA Uplink Using Interference
Rejection Spreading Code", Signal Processing Let-
ters, IEEE, vol.17, no.2, pp.117-120, Feb. 2010.
[22] J.J. George, M. Abdelgadir, M. Yousif and I. Hussein,
"The Performance of Cooperative Distributed Space
Time Block Codes (CDSTBC) in Wireless System",
Wireless Communications, Networking and Mobile
Computing (WiCOM), 2011 7th International Con-
ference on , vol., no., pp.1-3, 23-25 Sept. 2011.
[23] M. Costa, "Writing on dirty paper", IEEE Trans. In-
form. Theory, vol. 29, no. 3, pp. 439-441, 1983.
[24] Q.H. Spencer, A.L. Swindlehurst and M. Haardt,
"Zero-forcing methods for downlink spatial multi-
plexing in multiuser MIMO channels", Signal Pro-
cessing, IEEE Transactions on, vol.52, no.2, pp. 461-
471, Feb. 2004.
[25] L. Liu, Y.-H. Nam and J. Zhang, "Proportional fair
scheduling for multi-cell multi-user MIMO systems",
Information Sciences and Systems (CISS), 2010 44th
Annual Conference on, vol., no., pp.1-6, 17-19
March 2010.
[26] 3rd Generation Partnership Project (3GPP). “R1-
092646: Dynamic SU/MU Mode Switching and Rank
Adaptation”, July 2009.
[27] L. Weng and R.D. Murch, "Multi-User MIMO Relay
System with Self-Interference Cancellation", Wire-
less Communications and Networking Conference,
2007.WCNC 2007. IEEE, vol., no., pp.958-962, 11-
15 March 2007.
[28] R. Ahlswede,.Ning Cai, S.-Y.R. Li, R.W. Yeung, "Net-
work information flow", Information Theory, IEEE
Transactions on, vol.46, no.4, pp.1204-1216, Jul
2000.
[29] C. Peng, Q. Zhang, M. Zhao, Y. Yao and W. Jia, "On
the Performance Analysis of Network-Coded Coo-
peration in Wireless Networks", Wireless Commu-
nications, IEEE Transactions on, vol.7, no.8,
pp.3090-3097, August 2008.
[30] M. Peng, H, Liu, W. Wang and H. Chen , "Coopera-
tive Network Coding With MIMO Transmission in
Wireless Decode-and-Forward Relay Networks", Ve-
hicular Technology, IEEE Transactions on , vol.59,
no.7, pp.3577-3588, Sept. 2010.
[31] S. Zhang, S. Liew and P. Lam, “Hot topic: physical-
layer network coding”, MobiCom ’06: Proceedings
of the 12th Annual international Conference on
Mobile Computing and Networking, pp. 358-365,
2006.
[32] Lu, Lu and S. C. Liew, "Asynchronous Physical-Layer
Network Coding", Wireless Communications, IEEE
Transactions on , vol.11, no.2, pp.819-831, February
2012.
[33] 3rd Generation Partnership Project (3GPP). “R1-
090065: Joint analog network coding and relay”.
2008.
[34] 3rd Generation Partnership Project (3GPP). “R1-
090061: Applications of network coding in LTE-A”.
97Waves - 2012 - year 4/ISSN 1889-8297
Curriculum vitae
Jorge Cabrejas (jorcabpe@iteam.
upv.es) received his B.Sc. degree in
Telecommunications and M.A.Sc.
degree in Communications Techno-
logies, Systems And Networks from
the Polytechnic University of Valen-
cia (UPV) in 2008 and 2009, respec-
tively. He is currently a PhD student
in the Institute of Telecommunica-
tions and Multimedia Applications (iTEAM), UPV. His rese-
arch focuses on the study of new mobile communications
networks such as LTE-Advanced focusing on cooperative
communications.
Pedro Alonso Chaparro (ped-
cha1@iteam.upv.es) received the
telecommunications engineer de-
gree from Santo Tomas University,
Bucaramanga, Colombia, in 2002,
and currently he is working toward
the PhD. In 2007, he worked in the
Electronic Department at Polytech-
nic of Turin, Italy. In 2008, he wor-
ked in the Computer Network Group at the Polytechnic
University of Valencia, Spain. Since November 2008, he
has been with the Telecommunications and Multimedia
Applications Institute (iTEAM) at the Polytechnic Univer-
sity of Valencia. His research interests are in video trans-
missions over mobile and next generation wireless
networks.
Dr. Jose F. Monserrat (jomondel
@iteam.upv.es) received his MSc.
degree with High Honors and Ph.D.
degree in Telecommunications en-
gineering from the Polytechnic Uni-
versity of Valencia (UPV) in 2003
and 2007, respectively. He was the
recipient of the First Regional Prize
of Engineering Studies in 2003 for
his outstanding student record receiving also the Best
Thesis Prize from the UPV in 2008. In 2009 he was awar-
ded with the best young researcher prize of Valencia. He
is currently an associate professor in the Communications
Department of the UPV. His research focuses on the ap-
plication of complex computation techniques to Radio
Resource Management (RRM) strategies and to the opti-
mization of current and future mobile communications
networks, as HSPA or LTE. He has been involved in several
European Projects, being especially significant his parti-
cipation in WINNER+ where he leaded the research acti-
vities focused on the definition of Advanced RRM
techniques for LTE-Advanced. He also participated in
2010 in one external evaluation group within ITU-R on
the performance assessment of the candidates for the
future family of standards IMT-Advanced. He co-edited
the February 2011 special issue on IMT-Advanced systems
published in IEEE Communications Magazine and is co-
author of the Wiley book “Mobile and wireless commu-
nications for IMT-Advanced and beyond”.
Prof. Narcis Cardona (ncardona
@iteam.upv.es) received the M.S.
degree in communications engine-
ering from the ETSE Telecomunica-
cions at the Polytechnic University
of Catalunya (Barcelona) in 1990
and the Ph.D. in Communications
Engineering from the Polytechnic
University of Valencia in 1995.
Since October 1990 he is with the Communications De-
partment of the Polytechnic University of Valencia (UPV)
and since 2001 he is Full Professor at this Department.
Prof. Cardona is in head of the Mobile Communications
Group at the UPV, with 30 researchers including assistant
professors & research fellows. Additionally he is Director
of the Mobile Communications Master degree and As-
sistant Director of the Research Institute of Telecommu-
nications and Multimedia Applications (iTEAM). Prof.
Cardona has led several National research projects and
has participated in some European projects, Networks of
Excellence and other research forums, always in Mobile
Communications aspects. At European scale, Prof. Car-
dona is the Chairman of IC1004 COST Action on "Coo-
perative Communications for Green and Smart
Environments". His group is also in contact with the main
operators and vendors related with Wireless Systems &
Networks. He is has published over 140 international pa-
pers in the most relevant proceedings and conferences.
Prof. Cardona is author of 8 patents and some books on
mobile communications technologies. His current rese-
arch interests include Mobile Channel Characterization,
Planning and Optimization Tools for Cellular Systems,
Broadcast Cellular Hybrid Networks, and RRM Techniques
applied to Personal and Body Area Communications.
98 ISSN 1889-8297/Waves - 2012 - year 4
